[1] We compute the magnetic flux and helicity of an interplanetary flux tube observed by the spacecraft Wind on 24-25 October 1995. We investigate how model-dependent are the results by determining the flux-tube orientation using two different methods (minimum variance and a simultaneous fit), and three different models: a linear force-free field, a uniformly twisted field, and a nonforce-free field with constant current. We have fitted the set of free parameters for the six cases and have found that the two force-free models fit the data with very similar quality for both methods. Then, both the comparable computed parameters and global quantities, magnetic flux and helicity per unit length, agree to within 10% for the two force-free models. These results imply that the magnetic flux and helicity of the tube are well-determined quantities, nearly independent of the model used, provided that the fit to the data is good enough. 
Introduction
[2] Solar ejecta are transient structures that perturb the solar wind as they move away from the Sun. When expelled toward the Earth, depending of their orientation and their magnetic helicity, these objects can trigger significant geomagnetic perturbations as a consequence of reconnection processes in the terrestrial magnetopause [see, e.g., Farrugia et al., 1997; Gonzalez et al., 1999, and references therein] .
[3] In situ observations show that the proton temperature (T p ) in interplanetary flux tubes is frequently lower than in the solar wind [see, e.g., Gosling, 1990; Richardson and Cane, 1995, and references therein] . However, the electron temperature, T e , is frequently higher than the proton temperature [Osherovich et al., 1993; Richardson et al., 1997] , and so the electron pressure can play a significant role in their dynamical magnetic configuration. Interplanetary magnetic clouds (MCs) form an important subset of solar ejecta, which are characterized by enhanced magnetic field strength with respect to ambient values, a large rotation of the magnetic field vector, and low T p [Burlaga et al., 1981; . Although the mean value of the plasma beta of protons, b p = 8pn p k B T p /B 2 (where n p is the proton density, B is the magnetic field intensity, and k B is the Boltzmann's constant), in MCs is frequently low (typically b p $ 0.1), values of b p $ 0.2-0.4 or even higher [see, e.g., Dasso et al., 2001 ] have been observed.
[4] Magnetic helicity characterizes how magnetic field lines are twisted around each other [see, e.g., Berger and Field, 1984] . It plays a very important role in the frame of MHD theory because it is almost conserved, even in resistive MHD, on time scales shorter than the global diffusion time scale [Berger, 1984] . Magnetic helicity is observed in the solar wind on all scales, from more than 1 AU to less than the gyroradius of a thermal proton [Smith, 2000] . In a dynamically turbulent medium such as the solar wind, magnetic helicity tends to be transported to larger scales and to be condensed in the longest wavelength mode [see, e.g. Matthaeus, 2000] . In spite of its relevance, the magnetic helicity contained in solar ejecta, such as interplanetary flux tubes, is poorly known.
[5] Solar ejecta transport magnetic helicity from the Sun into the interplanetary medium. There is observational evidence showing that the helicity sign in magnetic clouds matches that of their source regions [see, e.g., Bothmer and Schwenn, 1994; Rust, 1994; Marubashi, 1997; Yurchyshyn et al., 2001] . However, in a recent study, Leamon et al. [2002] found that the helicity sign of both objects, MCs and their source, agrees in only 62% of the analyzed cases and that the link can be solar cycle dependent. In the absence of any theoretical interpretation, this lower percentage, when compared with the aforementioned papers, could simply mean that we need a more accurate determination of the helicity in both MCs and in the corona using, at least, one magnetic model to fit the available data (since in both cases the data provide only partial information on the magnetic configuration). For example, a significant fraction of coronal sigmoids are observed as such because of projection effects or magnetic complexity [e.g., Glover et al., 2000] (see also Fletcher et al. [2001] for a well-studied case); then, the shape of these sigmoids does not contain enough information on the helicity sign. In the interplanetary space, a magnetic model is also needed to accurately recover the global magnetic field structure from one dimensional data. One purpose of the present paper is to compare various approaches that have been proposed for the magnetic configuration.
[6] Interplanetary flux tubes or flux ropes, in particular MCs, frequently present a helical structure and can be modeled in a cylindrical geometry [Farrugia et al., 1995] using different approaches: a linear force-free field [e.g., Burlaga et al., 1981; Burlaga, 1988; Lepping et al., 1990] , a force-free uniformly twisted field [e.g., Farrugia et al., 1999] or, supported on the possibility of an active role of the plasma pressure, even a nonforce-free model. In particular, several nonforce-free models have been recently applied to interplanetary flux tubes; for instance, in situ observations have been compared to: (1) two axially symmetric models, one with a constant current density and another with an azimuthal current density depending linearly on the distance to the axis of the tube , (2) a nonaxially symmetric model [Hu and Sonnerup, 2001] , and (3) both cylindrically and noncylindrically symmetric models [Mulligan and Russell, 2001] . All these models are physically different, and it is not yet evident which of them give the best representation of interplanetary flux tubes. Authors usually use a given model and method consistently, but a comparison between the predictions of these various approaches has not yet been done.
[7] We analyze here the magnetic configuration of a flux tube observed by Wind on 24-25 October 1995 [Farrugia et al., 1999, Figure 1] . Preliminary studies of the plasma and magnetic properties of this flux tube have been done by Farrugia et al. [1999] and Dasso et al. [2003a] . This flux tube presents a large and smooth rotation of the field and a low value of the proton plasma beta (b p $ 0.2-0.4), similar to what can be observed in MCs. However, near the center of the tube (around at 50% of its size) T p was a factor $10 higher than at regions near its boundaries, and thus it is not classified as a MC but rather as a ''hot flux tube.'' However, the value of b p remains low because the higher temperature region has a lower density. The total b (including the contribution of electron and alpha particles to the pressure) is in the range of 0.8-1.0 for the entire event.
[8] In this work, we first (section 2) introduce the magnetic helicity expression for cylindrically symmetric structures, and in section 3 we derive the analytical expressions of the magnetic helicity for three models. Then, we apply these expressions (section 4) to this hot flux tube by fitting the set of free parameters (for each of the three models) to the magnetic field data. In each model, the orientation of the tube is computed using two different methods: first, a minimum variance (MV) analysis, and second, a simultaneous fit (SF) of all the parameters. We examine which model best represents the observations, and how model and method dependent the fitted parameters are. We then estimate global physical properties of the flux rope, specifically, its magnetic flux and helicity. In section 5 we give our conclusions.
Magnetic Helicity of Flux Tubes
[9] The magnetic helicity (H) of a fieldB within a volume V is defined by H = R VÃ ÁB dV, where the vector potentialÃ satisfiesB =r ÂÃ. However, the helicity as defined above is physically meaningful only when the magnetic field is fully contained inside the volume V (i.e., at any point of the surface S surrounding V, the normal component B N =B Án vanishes). This is so because the vector potential is defined only up to a gauge transformation (Ã 0 =Ã +rÈ), then H is gauge-invariant only when B n = 0. For cases where B n 6 ¼ 0 (as can happen on both ''legs'' of interplanetary flux tubes), it has been shown that a relative magnetic helicity (H r ) can be defined [Berger and Field, 1984] . This relative helicity is obtained by subtracting the helicity of a reference fieldB ref having the same distribution of B n on S:
H r is gauge-invariant and does not depend on the common extension ofB andB ref outside V, ifÃ Ân =Ã ref Ân on the surface S of V, as was shown by Berger and Field [1984] .
[10] The magnetic field of an interplanetary flux tube can be modeled locally as a straight cylindrical structure with a two-component magnetic fieldB ( 
where R is the radius of the tube.
Three Models

Linear Force-Free Field
[11] The general static, axially symmetric magnetic field of a linear force-free configuration (r ÂB = aB, with a constant) was obtained by Lundquist [1950] . However, it has been shown that one harmonic of this solution is enough to describe in situ measurements of interplanetary magnetic flux tubes at 1 AU [e.g., Burlaga et al., 1981; Burlaga, 1988; Lepping et al., 1990] . Thus, the field is well modeled bỹ
where J n is the Bessel function of the first kind of order n, B 0 is the strength of the field and a is a constant. The magnetic field lines twist per unit length, t = dj/dz = B j /(rB z ), is:
[12] The constant a determines the twist at the flux tube axis, t 0 = t(0) = a/2. The two physical parameters fitted are a and B 0 . It is worth noting that we do not force B z to vanish at the cloud border (as it was done in some previous analysis [e.g., Lepping et al., 1990] ). This allows us to have the same number of free parameters as in the next two models, turning the comparisons among them more straightforward.
[13] We obtain the relative helicity for this force-free field from equation (2), takingÃ =B/a:
where u = 2t 0 r and U = 2t 0 R are dimensionless quantities.
In the last expression of equation (5), we have rewritten H r /L to emphasize that it has the units of the magnetic flux to the second power (
) multiplied by a twist per unit length (t 0 ).
Uniformly Twisted Field
[14] The nonlinear force-free field with a uniform twist has been used to model interplanetary flux tubes [e.g., Farrugia et al., 1999] . For this configuration,B is given by [Gold and Hoyle, 1960] ,
In this magnetic configuration, the amount by which a given line is twisted is independent of r:
The two physical parameters fitted are b and B 0 .
[15] From equation (2) and
the relative helicity turns out to be
where U = 2t 0 R as in the previous model. 
Constant Current Field
where B 0 = m 0 j j R is the maximum field at the center of the tube, and t 0 = j z /(2j j R) measures the twist at the flux tube axis. The magnetic field lines twist per unit length, is:
The two physical parameters fitted are j j and j z , but for comparison with other models we rather give the corresponding t 0 and B 0 values.
[17] Next, from equation (2) and
the relative helicity results,
4. Results
Data and Method Used
[18] We apply the analytical results derived in the previous section to the hot tube observed by Wind from 24 October 1995, 2100 UT to 25 October 1995, 0600 UT. The 1.5 min resolution magnetic data have been downloaded from the public site http://cdaweb.gsfc.nasa.gov/cdaweb/ istp-public/. In order to remove small-scale phenomena (e.g., waves) [Farrugia et al., 1998; Dasso et al., 2003b] and because we are interested only in large-scale field changes, we smoothed the dataset and we present results for $5 min averaged data, such that the whole event includes 100 points. We obtain comparable results using the original data directly (see at the end of section 4.4).
[19] We first determine the orientation of the flux tube from a minimum variance (MV) analysis of the magnetic observations [Sonnerup and Cahill, 1967] . The method finds the direction (n) in which the mean quadratic deviation of the field, h(B Án À h B Áni) 2 i, is minimum (maximum). It is possible to show that this is equivalent to find the eigenvector corresponding to the smallest (highest) eigenvalue of the covariance matrix M i,j = hB i B j i À hB i ihB j i. When the minimum distance from the spacecraft to the axis of the flux tube is close to zero, and assuming a nearly cylindrical flux tube, the largest (smallest) change of B comes from its B j (B r ) component. Thus this MV method determines the direction of the maximum (ĵ), intermediate (ẑ), and minimum (r) variance of the field. A more complete discussion of this method applied to interplanetary flux tubes is given in the appendix of Bothmer and Schwenn [1998] .
[20] In our event, we find a well-defined direction for the principal axis of the tube (corresponding to the intermediate eigenvector) with an intermediate to minimum eigenvalues ratio of $11 (so that the field has clearly a different behavior in both directions). Then, with the MV method we define the orientation of the flux tube as defined by the angle (q) between the ecliptic plane and the axis of the tube, such that when q = +90°the magnetic field along this axis is aligned with the z unit vector of the GSE (Geocentric Solar Ecliptic) coordinates, and the angle (f) between the direction of the y unit vector of GSE and the projection of the flux-tube axis on the ecliptic plane, measured counterclockwise.
[21] In this approach, the spacecraft impact parameter, p, is not determined and we set it equal to zero, noting that the large angle rotation of the field ($127°, see Figure 1) indicates that p/R should be small. Then, the MV coordinates have been used to obtain the two physical parameters (t 0 , B 0 ) that best fit the observations for the three models given in section 3.
[22] Furthermore, to test the validity of the MV method and to determine the impact parameter, we have simultaneously fitted (SF) the tube orientation, p, and the two physical parameters (for each model) using the observed field in GSE (as described by Hidalgo et al. [2002] ). The least-square fitting has been done in all cases using the standard Levenberg-Marquardt routine [Press et al., 1992] .
Comparison of the Fitting Quality
[23] Figures 2 -4 depict the three GSE components of the measured magnetic field, together with the curves obtained from each model. From Figures 2 -4 and the values of ffiffiffiffiffi ffi c 2 p (see Table 1 ), we find, as expected, that when a simultaneous fitting (SF) is done a slightly better quality fit than with the MV method is obtained for all three models. The linear force-free field (L) and the uniform twist (G) models fit the observations equally well (with only $1% difference ). So, we cannot discriminate between the two force free models despite the fact that their twist distribution is very different (larger at the border of the flux tube for model L, compared to a uniform distribution for model G, see equations (4) and (7)).
[24] However, according to the ffiffiffiffiffi ffi c 2 p value obtained for the constant current model (H), which is larger by $30-35% with both methods (MV and SF), the model H is significantly farther from the observations than both forcefree models. It is worth noting that in the case of model H, a triangular profile is present for the magnetic field computed along any linear orbit that crosses the center of the tube (i.e., zero impact parameter). This direct consequence of the model is reflected in Figures 2 -4 . However, it is premature to conclude from this local feature, and from our results in a particular case, that model H is less representative of the observations of interplanetary flux tubes than some other model.
Analysis of the Results
[25] The orientation of the tube with the MV method is such that q $ À30°and f $ 51°. q is modified by $4°and f by $1°when the SF method is used with the best quality models (the two force-free models, see Table 1 ). A much larger change ($8-10°) is present with model H. This important change in the orientation has consequences in the values of all fitted parameters (see Table 1 ).
[26] With the SF method, the flux tube radius changes at most by 3% compared to its value deduced with the MV method (excluding the H-SF case). The impact parameter is only 8% of R with both force-free models. This result justifies, a posteriori, setting p to zero in the MV method.
[27] The twist, t 0 , per unit length at the tube center is found to be in the range $20 -40 AU À1 showing that the flux tube is significantly twisted along its length (with a typical length of $1 AU, the central part has between 3 and 6 turns). Comparing the MV and SF methods, we find only $1% difference on t 0 for a given force-free model. However, it is worth remembering that the twist distribution in the flux tube is strongly model dependent (compare equations (4), (7), and (11)). This implies that the obtained values for t 0 , a local quantity, are not directly comparable between different models; a pertinent comparison can only be done with a global quantity, such as the magnetic helicity (see next section). It follows that it is logical that t 0 is higher in model G, where the twist is uniformly distributed, while in the two other cases, it is concentrated at the periphery of the flux tube.
[28] The central field strength, B 0 , is also well determined; the results are very close with the MV and SF methods and we find only 4% difference between the two force-free models (see Table 1 ). The field strength B 0 lies in the interval 7.3 -7.6 nT, around 6 times the mean variation obtained when the data and the fitted models are compared ( ffiffiffiffiffi ffi c 2 p $ 1.3 nT). The largest variations, $20%-40%, are obtained for model H with both methods.
Magnetic Flux and Helicity
[29] From the fitted model parameters, we can derive global physical quantities. One is the magnetic flux, F, of B z (i.e., across a section of the flux tube orthogonal toẑ). The flux has a narrow range of values in the force-free cases (ninth column in Table 1 ), F $ (1.3 -1.4) Â 10 À2 nT AU 2 , but it changes by $±20% for model H in both MV and SF methods.
[30] Another global quantity of interest is the relative magnetic helicity H r . The observations provide data only along one direction of the MC; however, assuming a cylindrical model, we can derive global quantities per unit length and per unit volume. In the two final columns in Table 1 we show H r results per unit length (equations (5), (9), and (13)) and divided by the tube volume (V = pR 2 L). The magnetic field of the flux tube is right-handed so H r is positive.
[31] In the force-free cases, H r /L agrees within ±10% and H r /V within ±5% around their mean values, considering both methods. With the constant current model, the differences found in the obtained parameters (B 0 , t 0 , and R) are amplified in the helicity results (since H r has a nonlinear dependence on these parameters, see equation (13) is significantly less good with model H, we will only consider the force-free results.
[32] When the full (1.5 min) resolution data are used, we find that q, f, R, t 0 , B 0 , c 2 , and H r /V differ by less than $4%; while F, p, and H r /L in less than $10%, except p in model G for the simultaneous fit, which gives p/R = 0.05. So, as expected, the small-scale features have a small effect on the derived global values.
Conclusion
[33] Transient solar ejecta have their origin in an instability of the solar coronal field. The magnetic field ejected from the Sun is, theoretically, expected to carry the magnetic helicity of the original solar source and to appear as an interplanetary twisted magnetic flux tube. In order to quantify this link and to better determine the physical characteristics of the solar source region, global quantities, such as the magnetic flux and helicity, are needed. The determined magnetic flux can be compared with the magnetic flux of the coronal region where evidences of field expansion are seen (such as the presence of transient coronal holes). The magnetic helicity is also a useful quantity, because it is conserved and because techniques to measure both coronal values and photospheric fluxes are presently being developed [see, e.g., Chae, 2001; Moon et al., 2002; Nindos and Zhang, 2002; Démoulin et al., 2002; Green et al., 2002] .
[34] We analyzed one example of solar ejecta, quantifying the physical quantities in the interplanetary flux tube observed by Wind on 24-25 October 1995. The measured magnetic field components of the structure have been fitted using two different methods, minimum variance (MV) and simultaneous fitting (SF), and three different models: a linear force-free field (L), a uniformly twisted (G), and a constant current field (H). For this particular flux tube, we find that both force-free models give a significantly better fit to the observations than the constant current model. However, we presently do not know if this is a general characteristic of interplanetary flux tubes and the present analysis needs to be applied to more cases.
[35] Considering only the force-free cases, we find a very close agreement between the results for the MV and SF methods. For example, the flux tube orientation is determined within a 4°range, the radius R with 3% difference, and the field strength B 0 , with only 4% difference (see Table  1 and section 4.3).
[36] Despite important variations in the distribution of the twist assumed by the two force-free models, we are unable to select between them. The twist per unit length around the central part of the flux tube differs by $25%, when a given method is taken. Indeed, it is more relevant to compare the twist value averaged on the flux tube cross section, such as given by the magnetic helicity. We find only a ±10% variation around the mean in the derived helicity per unit length (H r /L), and ±5% when it is taken per unit volume (H r /V), considering both methods. Another well determined global quantity is the magnetic flux, F (defined in section 4.4), we find a ±8% variation around the mean value in this case.
[37] The case studied here is an example. Our next step is to extend our analysis to a large set of interplanetary manifestations of solar ejecta, in particular MCs.
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